Background: Gene transfer is a potential treatment modality of genetic disease. Efficient, practical methods of DNA transfection are currently under investigation.
INTRODUCTION
The goal of gene transfer therapy is to deliver the gene or cDNA of interest to a target cell and for it to be transcribed and translated in that cell. Because viruses have evolved to perform this function as efficiently as possible, the main focus of this type of therapeutic effort has been the use of modified viral vectors. However, the limitations of viral vectors have included potential pathogenicity and antigenicity, and attention has therefore turned to the promise associated with nonviral means of delivering genes. Cationic liposomes have been used successfully for both in vitro and in vivo gene transfer (1) (2) (3) . However, some cell types, particularly macrophages, have proven very difficult to transfect. Yet, for the treatment of some diseases, such as Gaucher disease, targeting these cells would be an essen-tial part of a gene therapy therapeutic strategy. In the course of attempting to target macrophages with DNA/liposome complexes it occurred to us that liposomes containing the negatively charged lipid phosphatidylserine (PS) might target macrophages because of the existence of a PS receptor on macrophages (4) (5) (6) (7) . However, such negatively charged liposomes were almost entirely ineffective in transfecting macrophages. We therefore attempted to enhance in vitro gene transfection of a reporter gene in the presence of anionic liposomes and histones. We reasoned that complexing DNA with histones might improve transfection by two mechanisms: (1) unneutralized positive charges on the histone would be bound electrostatically both by the negatively charged phosphate backbone of DNA and the anionic liposome; and (2) nuclear targeting signals in histones might improve trafficking of the DNA to the nucleus where it could be transcribed. We now report an apparently unique property of histone H2A in enhancing DNA transfection. 783 
MATERIALS AND METHODS

DNA, Histones, and Polycations
The plasmid DNA used throughout these experiments was pCMVj3 (Clontech, Palo Alto, CA). pCMV,B is a 13-galactosidase reporter plasmid under the control of a CMV promoter. Plasmid DNA was prepared using a Qiagen (Chatsworth, CA) Plasmid Giga kit and Endofree Plasmid Buffer Set. Dilutions of plasmid DNA were subjected to electrophoresis along with dilutions of lambda DNA-HindIlI Digest (New England Biolabs, Beverly, MA) on a 0.9% SeaKemGTG (Rockland, ME) agarose gel in ½/2X Tris-phosphate (TPE) buffer. Circularized plasmid DNA was then quantified using Stratagene's Eagle Eye II Still Video System (La Jolla, CA). Histone HI, histone H2A, histone H2B, histone H3, and histone H4 were purchased from Boehringer Mannheim (Indianapolis, IN). Poly-L-Lys hydrobromide (MW = 3970), and poly-L-Arg hydrochloride (MW = 12,100) were purchased from Sigma (St. Louis, MO).
Liposomes
The anionic liposomes contained phosphatidylcholine and phosphatidylserine (PC/PS) (5-7). These lipids, derived from brain, were purchased from Avanti Polar Lipids (Alabaster, AL) as stock solutions in chloroform. They were mixed in a 7:3 molar ratio in a round bottom flask. The chloroform was evaporated under argon (Parsons Airgas, San Diego, CA). Residual chloroform was eliminated under vacuum in a lyophilizer (Virtis Freezemobile 6, Gardiner, CA) over a 2-hr period. Sufficient sterile, double-distilled water was then introduced into the flask for a final lipid concentration of 2 mg/ml. The contents of the flask were vortexed until a homogeneous solution formed. The liposomes were then stored under argon at 4°C in sterile 1 
RESULTS
Effect of Histones and Cationic Polyelectrolytes on Transfection Efficiency
Complexes of the five different subclasses of histones with DNA, pOly-L-Lys, pOly-L-Arg, and a combination of poly-L-Lys and poly-L-Arg were assayed for transfection efficiency. Plasmid DNA was diluted to a final concentration of 80 ,ug/ml in 240 mM Tris-acetate, pH 8, made up in sterile endotoxin-free water (Biowhittaker's LAL Reagent Water, Walkersville, MD). Histones were diluted in sterile endotoxin-free water to a final concentration of 1 mg/ml. The polycations poly-L-Lys and poly-L-Arg were diluted in sterile endotoxin-free water to a final concentration of 147 and 150 jig/ml, respectively, and used in this assay in an equivalent charge ratio (9,10) as in histones. Twenty microliters each of plasmid DNA, histones, or polycations at the above concentrations was combined for 30 min at room temperature in polypropylene tubes (Corning Inc.) and then added to 40 ,ul of Opti-MEM 1 (Life Technologies) resulting in a final Tris-acetate concentration of 60 mM. Control experiments were performed by replacing the histone/ polycation component of the above experiments with sterile endotoxin-free water in the presence and absence of DNA; when DNA was omitted, it was replaced with a corresponding volume, pH, and molarity of Tris-acetate.
The average of triplicate samples and the standard error for each combination are presented in Figure 1 . DNA transfection was markedly increased, to more than 2 X 105 times the background level, in the presence of histone H2A as compared with the control, whereas each of the other histones and polycations studied showed little, if any, effect. (Fig. 3) . The binary complexes studied were DNA-histone H2A and DNA-histone HI. In the controls the histone component was replaced with endotoxin-free water. In this system, f-galactosidase activity in the histone H2A experiment peaked at 60 mM Tris-acetate, pH 8. ,B-galactosidase activity was negligible with histone HI. ,3-galactosidase Expression as a Function of the DNA/Histone H2A Ratio The effect of the DNA/histone H2A ratio was analyzed by varying the DNA concentration throughout the range of 20, 40, 80, and 160 ,ug/ml ( Table 1) . Each of these DNA concentrations was then combined with an equal volume of histone H2A at 0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 2, and 4 mg/ml, respectively, in triplicate for 30 min at room temperature in polypropylene tubes. The volume of the resulting binary complex was 40 ,l and this volume was combined with 40 ,tl of Opti-MEM 1, yielding a final Tris-acetate, pH 8, concentration of 60 mM. As shown in Table 1 , only 3 of the 32 combinations tested resulted in significant ,B-galactosidase activity; these were the combinations of histone H2A at 1 mg/ml (71.6 ,uM) with DNA at 80 ,ug/ml (0.0168 ,uM), and histone H2A at 0.5 mg/ml (35.8 ,xM) with DNA at 40 ,ug/ml -*n-Histone H2A 14). The postulated mechanism by which histone HI increases gene transfection is through DNA condensation. In these studies, histone HI was considered to be the subclass of histones that mediates efficient gene transfer. In our assay system histone HI manifested negligible activity compared with histone H2A. The difference in our results may be accounted for by the composition of our polyplexes (cationic polymer/nucleic acid complex) (15) , histone source, and the manner in which the components of our assay were diluted, i.e., Tris-acetate buffer vs. Opti-MEM 1. We have also tried to limit the endotoxin content in our system as it is known to diminish the efficiency of DNA transfection (16) , and all analyses were performed in the absence of chloroquine. The mechanism of the striking effect of histone H2A on transfection efficiency is not yet clear. It could be that this histone increases the number of plasmids that enter the cell or that it improves the efficiency with which the plasmids are expressed, either by facilitating their entry into the nucleus or by increasing the efficiency with which they are transcribed. The extraordinary difference between the effect of histone H2A and the other histones tested is of special interest and may lead to further insights into the mechanism of action. It may be that there are amino acid sequences in histone H2A, not represented in other histones, that are important for efficient transfection. It may also be that the extent or location of acetylated residues in this histone are of special importance, since a correlation between histone acetylation and transcriptionally active chromatin is known to exist (17, 18) .
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